In order to investigate the strain hardening behaviour of Cu/Al laminated composites, isothermal compression tests were conducted in the temperature range of 300-450 o C and stain rate range of 0.01-1 s -1 . Based on the experimental data, stain hardening exponent n was calculated to evaluate the strain hardening ability of Cu/Al laminated composites during the deformation process. The results show that deformation temperature, strain rate, strain and laminated structure are all responsible for the evolution of flow stress during the isothermal compression. The highly non-linear character of Ln σ -Ln ε curves shows the dynamic competition between work hardening and dynamic softening, and dynamic softening gradually plays a dominant role with the increase of strain. Furthermore, strain hardening exponent n is more sensitive to deformation temperature than strain rate. Lower deformation temperature and higher strain rate contribute to the enhancement of strain hardening exponent n.
INTRODUCTION
In recent years, copper/aluminum (Cu/Al) laminated composites have undergone rapid development because of low cost, low density, and equalized electrical and thermal conductivity compared with copper alloy [1] . It has been wildly utilized in many fields, such as power, communication, architecture and aerospace [2] . And several new fabrication technologies also were proposed to further expand the production methods of Cu/Al laminated composites [3] [4] [5] . Meanwhile, in order to satisfy the requirements of various industrial fields, thermal mechanical machining such as hot rolling and tension are necessary.However, there is little relevant research report [6, 7] . Meanwhile, the strain hardening behaviours during the deformation process of Cu/Al laminated composites has not been investigated.On the other hand, sound bonding interface between copper and aluminum makes them as a whole and has unique characters during the isothermal compression of Cu/Al laminated composites, which is distinctly different from the deformation behaviour of copper alloy or aluminum alloy [8] [9] [10] [11] .
The strain hardening exponent n is an important indicator of the work-hardening properties during the Letter deformation process. It reflects the amount of uniform plastic strain of materials before strain localization, necking and failure. Therefore, numerous researches on the strain hardening behaviour and strain hardening exponent n have been conducted [12] [13] [14] . For instance, Luo et al discovered that the strain hardening exponent of Ti-6Al-4V alloy is sensitive to strain rate, and the variation of strain hardening exponent ndepend on the competition between work hardening and dynamic softening [15] . Gao et al studied the influence of deformation temperature on the strain hardening exponent of pearlitic steel and low carbon steel, and discovered that strain hardening exponent increase with the decrease of deformation temperature [16] .
In this paper, the isothermal compression tests of Cu/Al laminated composites were conducted in different deformation temperatures and strain rates. Based on the isothermal compression tests results, the plastic flow behaviour of the composites during the compression process is analysed. Furthermore, the strain hardening exponent n is calculated using the Hollomon's equation. The effect of deformation temperature, strain rate and strain on the strain hardening exponent n is discussed in the isothermal Fig. 1a . The chemical components of constituent metals are list in Table 1 . The sample of ascast composite plates were homogenized at 350 O C for 1 hour in an electrical resistance furnace. Then cylindrical specimens were machined from the homogenized sample with a diameter of 8 mm and a height of 10 mm. 
EFFECT OF DEFORMATION TEMPERATURE, STRAIN RATE AND STRAIN ON THE STRAIN HARDENING EXPONENT OF COPPER/ALUMINUM LAMINATED COMPOSITES

Isothermal compression
The isothermal compression experiments were conducted on a Gleeble-1500D thermo-mechanical simulator at constant temperatures of 300, 350, 400 and 450 O C and strain rate of 0.01, 0.1 and 1 s -1 , respectively. Prior to isothermal compression, the specimens were heated to the set temperature at a heating rate of 10 O C/s and held for 60 s to eliminate the thermal gradients without increasing the thickness of Cu/Al interface. The specimens were compressed at a reduction rate of 50 %, and then the compressed specimens were quenched in water immediately. The process is further illustrated in Fig.  1b . The true stress-strain data was automatically collected by Gleeble-1500D thermo-mechanical simulator. Fig.2 shows the true stress-train curves during the isothermal compression of Cu/Al laminated composites at temperature range of 300-450 O C and strain rate range of 0.01-1 s -1 . As see from Fig.2 , the true stress is sensitive to deformation temperature and strain rate, and increases with increasing strain rate or decreasing deformation temperature. Meanwhile, the size of flow stress of Cu/Al composites is closer to the aluminum alloy not copper alloy [17, 18] . That is reasonable because deformation mainly focus on the softer aluminum not harder copper during the isothermal compression of Cu/Al laminated composites. In terms of the work hardening mechanism and dynamic softening mechanism during the isothermal compression process, the generation, pile-up and entanglement of dislocation at the beginning of compression hinder the movement of dislocation, increase the deformation resistance and cause work hardening effect. Meanwhile, it is noticeable thatthe resistance of harder copper metal on dislocation movement of aluminum matrix strengthens the work hardening effect. And adiabatic heating generated from the work hardening process promotes the occurrence of dynamic recrystallization, which leads to rapidly decrease of flow stress with the continuous increase of strain, especially at high temperature.
RESULTS AND DISCUSSION
Flow stress
Strain hardening exponent
In the uniform deformation stage, the relationship between the true stress and train can be expressed by Hollomon' equation, as shown in Eq. (1) [19] . 
Where, σ is the true stress at constant deformation and strain rate, K is strength coefficient, ε is true strain and n is the strain hardening exponent. Taking the logarithm of both side of Eq. (1), the equation can be transferred into Eq. (2).
Because K and Ln K both are constant coefficient, n can be seen as the slope of the cures of Ln σ -Ln ε from the point of mathematics. Then, the strain hardening exponent n, actually representing the balance of work hardening and dynamic softening, can be derived by differentiating Eq. (3).
Based on the true stress-strain data during the isothermal compression of Cu/Al laminated composites, the cures of Ln σ -Ln ε at different deformation temperatures and strain rates can be gotten.
As shown in Fig. 3 , the logarithmic relationship between true stress and true strain is highly nonlinear, which means the strain hardening exponent n is a function of strain at constant deformation temperature and strain rate. At low temperature and high strain rate, Ln σ increases with the increase of Ln ε up to a higher strain value in the isothermal compression process, showing work hardening effect plays a dominant role during the compression process of Cu/Al laminated composites. With the continuous increase of deformation temperature or decrease of strain rate, more energy or longer time for dislocation movement promote the occurrence and development of dynamic recrystallization. Then, when the dynamic softening is sufficient to counteract the work hardening effect during the isothermal compression, Ln σ begins to decreases with the increase of Ln ε.
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Although the positive or negative values of strain hardening exponent n have been reflected from the slope of Ln σ -Ln ε curvesas shown in Fig.3 . The variation tendency and size of value of strain hardening exponent n have not been revealed clearly in different strain degree, deformation temperature and strain rate. Therefore, the effect of strain on strain hardening exponent n during the hot compression process of Cu/Al laminated composites is shown in Fig. 4 . As seen from Fig. 4 , the strain hardening exponent n gradually decrease seven become negative with the increase of strain, which shows that the work hardening mechanism plays a dominant role at the beginning of isothermal compression of Cu/ Al laminated composites, and with the increase of strain, the dynamic softening mechanism can gradually balance the work hardening effect and play a leading role. Especially at deformation temperature of 400 O C and 450 O C and strain rate of 0.1 s -1 and 0.01 s -1 , the strain hardening exponent nare negative over all of the deformation processes, which shows the dynamic softening mechanism plays a dominant role from the beginning of isothermal compression process. The strain hardening exponent n is oscillatory at deformation temperature of 450 O C and strain above 0.35, which may be ascribed to the dynamic recrystallization has been completed for deformed aluminum matrix at so high temperature. Fig.4 also shows that the strain hardening exponent n of Cu/Al laminated composites during the compression process is insensitive to strain rate that is (1) nt deformation and strain rate, K is strength coefficient, ε is true strain and n is g the logarithm of both side of Eq. (1), the equation can be transferred into Eq.
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(The strain hardening exponent n of copper alloy during the deformation is sensitive to strain rate [21] .)Therefore, the calculated results agree essentially with the fact that deformation mainly focus on the softer aluminum layer during the isothermal compression of Cu/Al laminated composites. Fig. 5 shows the effect of deformation temperature on the strain hardening exponent n during the isothermal compression of Cu/Al laminated composites. As seen from Fig.5 , when the true strain is 0.2, strain hardening exponent n decreases significantly and even becomes negative value with the increase of deformation temperature, which shows that the dynamic softening effect is enhanced with the increase of deformation temperature and plays a dominant role gradually. Therefore, flow stress decreases sharply at this stage during the deformation process of Cu/Al laminated composites. And lower strain rate prolongs the dynamic softening time so that dynamic recrystallizationcan be conducted at lower deformation temperature. When the strain is 0.55, the strain hardening exponent n is negative at all deformation conditions and oscillatory with the increase of deformation temperatures as shown in Fig.5b , which means the softening mechanism is sufficient to counteract the work hardening mechanism during the deformation process of Cu/Al laminated composites, and flow stress tend to become a steady value.
CONCLUSIONS
In this paper, the isothermal hot compression tests of a novel Cu/Al bimetal plate were conducted in the temperature range of 300 ~ 450 O C and strain rate range of 0.01 ~ 1 s -1 . The flowing conclusions can be obtained from the study. The flow stress of Cu/Al composites increases with the increase of strain rate or decrease of deformation temperature. The constrain effect of harder copper to the flow of softer aluminum through the bonding interface causes the rapid increase of flow stress at beginning stage of deformation and premature occurrence of dynamic softening.
The highly non-linear relationship between Ln σ and Ln ε shows that strain hardening exponent I is affected significantly by the deformation temperature, strain rate and strain.
The strain hardening exponent n decreases with the increase of strain and even becomes negative value, which means the softening mechanism gradually plays a leading roleand counteract with the work hardening mechanism.
In the early stage of isothermal compression of Cu/Al laminated composites, a lower deformation temperature and a higher strain rate contribute to the enhancement of strain hardening exponent n. And strain hardening exponent n is sensitive to deformation temperature and insensitive to strain rate.
